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Providing science and society with an integrated, up-to-date, high quality, open, reproducible and 
sustainable plant tree of life would be a huge service that is now coming within reach. However, 
synthesizing the growing body of DNA sequence data in the public domain and disseminating the 
trees to a diverse audience are often not straightforward ue to numerous informatics barriers. 
While big synthetic plant phylogenies are being built, they remain static and become quickly
outdated as new data are published and tree-building methods improve. Moreover, the body of 
existing phylogenetic evidence is hard to navigate and access for non-experts. We propose that 
our community of botanists, tree builders, and informaticians should converge on a modular 
framework for data integration and phylogenetic analysis, allowing easy collaboration, updating, 
data sourcing and flexible analyses. With support from major institutions, this pipeline should be 
re-run at regular intervals, storing trees and their metadata long-term. Providing the trees to a 
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should also be a priority. Interactive interfaces could be used to solicit user feedback and thus 
improve data quality and to coordinate the generation of new data. We conclude by outlining a 
number of steps that we suggest the scientific community should take to achieve global 
phylogenetic synthesis.  
 
KEY WORDS: angiosperms; bryophytes; GenBank; cyberinfrastructure; land plant phylogeny; 
megaphylogenies; phylogenomics; phyloinformatics; pteridophytes; sampling. 
The tree of life is a crucial reference system for the life sciences. It is a fund mental infrastructure 
of scientific knowledge that is as central to biology as the periodic table is to chemistry. 
Nevertheless, the tree of life remains incompletely known and insufficiently accessible to 
potential users. That phylogenies are fundamental to evolution and, thus, the life sciences has 
been recognized for decades (Hennig, 1950; Felsenstein, 1985; McTavish et al., 2017), and the 
demand for phylogenetic trees is higher than ever as the availability of data that c n be analyzed 
in a phylogenetic framework soars. For example, trait and distribution data are now publicly 
available for tens to hundreds of thousands of species (e.g. Kattge et al., 2011; Enquist et al., 
2016), facilitating very large comparative studies in evolutionary biology, biogeography, ecology, 
conservation, and other fields (e.g., Zanne et al., 2014). However, big data efforts in biodiversity 
science and the global change biology community are largely progressing without phylogenetic 
information (Jetz et al., 2016; Joppa et al., 2016; Proença et al., 2017). While the scientific 
community is finding ever more creative ways to u ili ze phylogenetic evidence (e.g., Strauss et 
al., 2006; Liu et al., 2012), access to the tree of life is still insufficient even after several decades 
of big tree building, and the huge contributions made by data synthesis projects like TimeTree 
(Kumar et al., 2017) and The Open Tree Of Life (Hinchliff et al., 2015). Thus, our ability to 
address research questions that can only be answered using very large phylogenetic trees remains 
limited (Folk et al., 2018, in this issue).  
The plant phylogenetic community has been highly collaborative and productive over the last 
three decades. The major branches of the land plant tree of life are now generally well established, 
although some problematic nodes remain (Ruhfel et al., 2014; Wickett et al., 2014; PPG I, 2016; 
Angiosperm Phylogeny Group, 2016; Gitzendanner et al., 2018, in this issue). Public databases 
such as NCBI GenBank contain at least some DNA data from 27% of known vascular plant 
species and 75% of genera (Hinchliff and Smith, 2014; RBG Kew, 2016). However, the extent to 
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(Hinchliff and Smith, 2014). Moreover, the most commonly sequenced loci represent a minuscule 
fraction of the total information in plant genomes, with land plant nuclear genomes ranging in 
size from ca. 61 million to 149 billion base pairs (Dodsworth et al., 2015). As of January 2017, 
only 225 vascular plant genomes had been published, equivalent to <0.1% of land plant diversity 
(RBG Kew, 2017). The gap between actually and potentially available DNA sequence data for 
plants is thus immense. 
More insidiously, public sequence data are plagued by serious data quality concerns (e.g., Nilsson 
et al., 2006). For example, species names are often incorrectly spelled or, worse, taxonomically 
incorrect. The problem is exacerbated as listed species names often are not linked to vouchers 
(Gratton et al., 2017). In addition, species nomenclature does not keep pace with taxonomic 
updates. Together, these i sues point to the fact that data quality control is a central challenge in 
the provision of an accurate plant tree of life. 
Several new projects are now rising to the challenge of filling the data gaps through high-
throughput genomic sequencing across the plants. For example, the Plant and Fungal Trees of 
Life Project (PAFTOL) and Genealogy of Flagellate Plant Project (GoFlag) together aim to 
analyze hundreds of nuclear genes and plastid genomes from all genera and many species of land 
plants using a gene capture approach (Weitemier et al., 2014). Large whole-genome projects such 
as the Open Green Genomes Project and the 10,000 Plants Project (10KP: Normile, 2017) are also 
underway, which build on the recent success of the 1,000 Plants Project (Wickett et al., 2014). In 
different ways, these initiatives promise to deliver extraordinary new resources for plant 
comparative biology. However, together, they will tackle less than 10% of the known species 
diversity of land plants, presenting a fundamental limitation to the usefulness of the phylogenies 
resulting from them. While complete genome sequencing of all species of life on Earth is a stated 
ambition of the scientific community (Pennisi, 2017), the results may not be realized for many 
years to come. It is essential, therefore, that all available data, whether from public databases or 
new genomic initiatives, are integrated to deliver the best possible estimate of the plant tree of life 
at any given time. 
The idea to generate synthetic phylogenies that combine all available phylogenetic evidence is not 
new. For example, The Open Tree of Life and related AVATOL projects were herculean efforts 
to synthesize and facilitate the analysis of the entire tree of life (Hinchliff et al. 2015). These 
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(e.g., data store, taxonomy, synthetic tree, online tree viewer). For plants, important synthetic 
trees of life have been built through mining and compiling both public DNA sequence data (e.g., 
Hinchliff and Smith, 2014; Zanne et al., 2014; Maitner et al., 2018), published phylogenies 
(Hinchliff et al., 2015), or a combination of both (Smith and Brown, 2018, in this issue). While 
these trees have facilitated many analyses, each is limited in some respect. For example, despite 
the ever-increasing rate at which DNA sequence data are generated, these synthetic trees are not 
routinely updated and thus become quickly outdated. Moreover, these phylogenies often fail to 
capture the uncertainty and conflict underlying the data that has now been exposed by large 
genomic analyses (Wickett et al., 2014; Shen et al., 2017). Thus, the users of the plant tree of life 
are obliged either to choose an existing tree, regardless of its deficiencies, or to build their own 
tree by mining public repositories and reconstructing phylogenetic relationships them elves. 
Despite the creation of new pipelines (e.g., Antonelli et al., 2017; Smith and Brown, 2018, this 
issue), the latter option remains beyond the skills and desires of many potential users.  
We believe that the plant phylogenetic community must find new ways to provide an integrated, 
up-to-date, high quality, open, reproducible and sustainable tree (Table 1) to adiverse user 
community. Here we propose a roadmap that outlines how our community could produce such a 
tree, focusing on the synthesis of all publical y available DNA sequence data. We argue that we 
need a modular tree of life pipeline that allows distributed d velopment of tools across research 
groups. We find it useful to break down this pipeline into four main parts (Fig. 1): gathering the 
data, phylogenetic reconstruction, data storage, and disseminating the tree of life. Below, we 
outline the major challenges and opportunities associated with each part and conclude with a call 
to action, proposing nine steps that we think would materially advance our quest for global 
phylogenetic synthesis in plants. We note that the case study here focuses on plants, but the 
principles could apply to any group of organisms or even all of life.  
<h1>GATHERING THE DATA 
Constructing accurate and comprehensive phylogenies for extant plants requires comprehensive 
molecular sampling. Despite herculean efforts by thousands of scientists over the last decades to 
collect molecular data across the tree of life, there are still major data gaps (Fig. 2). Not only do 
we lack molecular data for approximately 285,000 of the 391,000 known species of vascular 
plants (RBG Kew, 2016), but also there is poor genomic coverage for most species for which we 
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rapidly in size and complexity: the NCBI database currently contains almost 38 million nucleotide 
sequences for land plants, yet the challenge lies in the computational demand of handling these 
data volumes. For example, all-versus-all BLAST searching and clustering, a critical step in 
homology and orthology assessment, becomes computationally prohibitive as data increase. 
Moreover, data integration becomes more complex as the number of databases increases, bringing 
different schemas and interfaces. More importantly, we must now also adapt to diversifying data 
types, such as single loci, transcriptomes, genomes, and restriction-site-associated DNA 
sequencing (RADSeq) data. Despite these challenges, there have been significant advances in data 
set assembly that have addressed some of the complexity associated with genomic and 
transcriptomic data (Dunn et al., 2013; Yang and Smith, 2014; Walker et al., 2018, in this issue). 
Researchers can leverage th se recent developments along with advances in large data set 
construction (Freyman, 2015; Antonelli et al., 2017; Smith and Brown, 2018, in this issue) to 
overcome the challenges faced by diverse and large data sources.    
In addition to the computational and biological complexities that accompany diverse data, 
significant concerns surround data quality in public databases, such as contamination, lack of 
sequence validation, and a dearth of links to specimens. The identification of mislabeled or 
contaminant sequences is an important yet difficult cleaning step that can now be facilitated by 
semi-automated methods (e.g., Kozlov et al., 2016; Rulik et al., in press). In addition, a public 
record of questionable sequences in GenBank is starting to emerge (e.g., 
https://github.com/FePhyFoFum/seq_filters). Ideally, this information would be stored together 
with the sequence data, but such storage is not currently possible given the limitations of public 
databases. Community-curated reference sequence databases have been successfully implemented 
by other communities, e.g., for fungal ITS (Kõljalg et al., 2005), protist 18S rDNA (Berney t al., 
2017), and bacterial genomes (Chen et al., 2017), and a similar resource would be invaluable for 
plants.  
Taxonomic reconciliation is yet another significant challenge that emerges when integrating 
species data from multiple sources. For example, whereas molecular databases such as GenBank 
use the NCBI taxonomy, trait databases (e.g., BIEN) and geographical archives (e.g., GBIF) may 
use other taxonomies. Each of these recognizes their own sets of synonyms, alternative spellings, 
and taxon concepts. Taxonomic reconciliation is the process of navigating this heterogeneity for 
purposes of data integration. Several web services (e.g. iPlant TNRS, GlobalNames, TaxoSaurus) 
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and Cranston, 2017). Nevertheless, a modular infrastructure for periodically rebui ding the plant 
tree of life, as proposed here, would benefit from a pre-computed taxonomic mapping of input 
data sources, which would be both a more efficient approach than accessing web resources each 
time, and a community-based product that can itself be released, critiqued, corrected, and 
annotated.  
Looking forward, the plant phylogenetics community can partly preempt data integration 
problems by converging on common sets of m lecular loci, thus maximizing overlap among data 
sets. Such convergence has happened in the past, when a small set of loci (e.g., rbcL, matK, ITS) 
was widely sequenced and used for phylogenetic reconstruction and barcoding (CBOL Plant 
Working Group, 2009). These loci facilitated large phylogenetic analyses that spanned all plants, 
but we now know that, for several reasons, additional data sets are needed. For example, genomic 
analyses have exposed the underlying complexity of phylogenetic conflict, concordance, and gene 
and genome duplication (Jarvis et al., 2014; Wickett et al., 2014; Shen et al., 2017). Our data 
collection strategies need to reflect the reality of these patterns and processes. Common loci have 
yet to emerge for the genomic age: for example, recently developed marker sets for Asteraceae, 
Arecaceae and Detarioideae (Mandel et al., 2014; Heyduk et al., 2016; M. de la Estrel, Royal 
Botanic Gardens, Kew, unpublished data), each containing hundreds of markers, only have five 
loci in common. However, initiatives like PAFTOL and GoFlag are now developing toolkits that 
will isolate a defined set of several hundred orthologous loci across land plants. D ta generated in 
this way could play a similar role in the future that rbcL and other popular loci have done in the 
past, but one that reflects the lessons we have gained from analyzing genomes and transcriptomes 
over the last decade.  
<h1>PHYLOGENETIC RECONSTRUCTION 
Any phylogenetic analysis at the scale of the plant tree of life will challenge standard approaches 
for multiple sequence alignment and phylogenetic inference. As the number of species and/or 
genes increases, the accuracy of likelihood-based phylogenetic methods can decrease, in 
particular when more taxa but not more genes are added. Meanwhile, running times will always 
increase with increasing data. As a concrete example, concatenation analyses using maximum 
likelihood (ML) are the most common approach for species tree estimation, and existing parallel 
implementations (e.g., Kozlov et al., 2015; Nguyen et al., 2015) can analyse data sets comprising 















This article is protected by copyright. All rights reserved 
However, no current ML method scales in reasonable time to enable analyses of datasets with 
tens of thousands of species and loci. For example, inferring a tree on 1600 insect transcriptomes 
(including bootstraps) would still take an estimated 70 million CPU hours. The development of 
ever more efficient and accurate methods for multiple sequence alignment and phylogeny 
estimation is driven by the “arms race” between the rapidly growing sequencing capacity on the 
one side and computational capacity and phylogenetic algorithms on the other side.  
The biological realism of phylogenetic models (e.g., models of sequence evolution) is another 
important challenge to accurate phylogenetic reconstruction. Perhaps most importantly, recent 
genomic and transcriptomic studies (e.g., Wickett et al., 2014; Sun et al., 2015; Shen et al., 2017) 
have exposed considerable amounts of gene tree discordance that need to be modeled 
appropriately. Discordance had typically been considered to be the result of noise and error, but 
these new data suggest that widespread discordance is likely due, at least in part, to biological 
processes (e.g., incomplete lineage sorting, hybridization, gene duplication and loss). This 
challenge is being addressed by species tree methods, which is an area of rapid methodological 
development  (e.g., Ané et al., 2007; Liu et al., 2007; Heled and Drummond, 2010; Boussau et al., 
2013; Chifman and Kubatko, 2014; Mirarab et al., 2014). In spite of these promising advances, 
several problems remain. Most species tree methods only address a single source of discordance, 
and some sources remain difficult to address, such as hybridization and allopolyploid speciation 
(but see Yu et al., 2014; Yu and Nakhleh, 2015; Solís-Lemus and Ané, 2016), which are 
particularly frequent in plants (Wood et al., 2009; Van de Peer t al., 2017). In addition, it is not 
known how accurate species tree approaches are for large numbers of taxa, although some 
methods now scale to 10,000 species (Zhang et al., 2017). Also, while it may be difficult to 
reconstruct reliable gene trees due to lack of phylogenetic signal, techniques such as weighted 
statistical binning can be helpful (Bayzid et al., 2014; Mirarab et al., 2014), though additional 
developments that address this problem may be necessary. In addition to discordance, 
heterogeneity in the process of molecular evolution (e.g., lineage specific rate shifts, 
compositional evolution) may also complicate phylogenetic reconstruction (Li et al., 2014; De La 
Torre et al., 2017). Researchers continue to address this complexity and comprehensive 
phylogenetic reconstruction of plants should incorporate these developments where possible 
(Foster et al., 2009; Cox et al., 2014).  
Missing data are a notorious feature of phylogenetic analyses that synthesize partly overlapping 
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susceptible to errors or analytical issues associated with missing data (e.g., Sanderson et al., 
2015). Projects such as PAFTOL and GoFlag that are expanding the number of orthologous 
regions sequenced, in addition to continuing genomic and transcriptomic efforts, will, at least in 
part, address this problem. However, methodological developments that tackle phylogenetic 
reconstruction with a “divide and conquer” approach may also overcome these issues by reducing 
the phylogenetic problem to data matrices that have less missing data (e.g., Smith and Brown, 
2018, in this issue. These methods can then be combined with other developments in supertree 
construction to graft these subtrees into a comprehensive tree (Akanni et al., 2015; Lafond et al., 
in press; Redelings and Holder, 2017; Vachaspati and Warnow, 2017).    
Many of the phylogenetic challenges that face the reconstruction of a comprehensive plant tree 
will require new developments in phylogenetic methods, but are common to the reconstruction of 
other parts of the tree of life.  The alignments and datasets compiled as part of an effort to 
construct a comprehensive plant phylogeny would serve the phylogenetics community in driving 
the development of new methods. These new methods could then be used to reconstruct a more 
accurate and useful comprehensive plant phylogeny.  
<h1>DATA STORAGE 
Assembling the tree of life is fundamentally a big data problem: not only does it produce large 
quantities of results in an iterative process, but each data object produced is large and complex. 
Consider that if the tree of all plant species were oriented horizontally and the species labels 
printed in 9-point font, the tree would extend twice the height of the tallest human-made structure 
in the world, the Burj Khalifa in Dubai (i.e., 830 m). Thus, not only is it a challenge to manage 
each iteration of the pipeline, but also the trees themselves are too big for any kind of meaningful 
visual inspection as a whole. Furthermore, multiple sequence alignments are even larger than the 
trees. Also, given the wide-ranging set of techniques and data sets available for phylogenetic 
reconstruction, there will likely be multiple alternative resolutions for many parts of the plant tree 
of life. To help users of phylogenetic trees to make sense of such discordances requires effective 
ways of storing, comparing, and summarizing alternative resolutions. For efficient management, 
quality control, and data output, we require a scalable database, designed and optimized for the 
purpose. 
Fundamentally, the database module of a tree of life pipeline is responsible for tracking the 
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is also essential for ensuring transparency and reproducibility (Leebens-Mack et al., 2006). A key 
challenge is to establish the appropriate balance between allowing flexibility, and thereby future-
proofing the assembly pipeline, while on the other hand fully normalizing the data model to 
provide data integrity and query efficiency for core components (McTavish et al., 2015). The 
Open Tree of Life uses a git-based system for tree storage, called Phylesystem (McTavish et al., 
2015). This system allows for versioning and metadata to be attached. Furthermore, it all ws for 
easy replication by other researchers. This provides a potential model for future decentralized 
databasing projects. 
Importantly, a database for storing phylogenetic trees must not be developed in isolation. The 
demand to combine phylogenetic information with additional biological and abiotic data is 
increasing, and any tree of life database should thus be compatible with global common data 
standards (Panahiazar et al., 2013), allowing links to initiatives that deliver, for example, plant 
distribution or trait data (e.g. Kattge et al., 2011; Enquist et al., 2016; Maitner et al., 2018). 
<h1>DISSEMINATING THE TREE OF LIFE 
The use of phylogenetic information is crucial for solving pure and applied problems in biology 
(Brooks and McLennan, 1991; Faith, 1992; Magurran, 2013) and has enormous potential for 
outreach and education (Jenkins, 2009; MacDonald and Wiley, 2012). Thus, a central challenge 
for developing a phylogenetic workflow and serving big trees is to anticipate correctly a plethora 
of use cases (see Box 1) and to develop a general cyberinfrastructure accordingly (Goff et al., 
2011; Stoltzfus et al., 2013). As outlined above, this flexibility relies on an appropriate database 
structure, but the actual user interface is equally important.  
Publicly depositing phylogenetic trees in an editable electronic format is largely standard practice 
nowadays (but see Stoltzfus et al., 2012; Drew et al., 2013), allowing researchers to access a 
wealth of phylogenetic information online (e.g., https://treebase.org/, 
https://tree.opentreeoflife.org/). Online storage would be particularly important for frequently 
updated trees that might not be associated with a traditional, static publication. In this instance, 
proper versioning is essential, and care must be taken that each version of the tree is citable (e.g., 
using a digital object identifier). If alternative phylogenetic methods were employed, the user 
should be enabled to make an informed choice about the different resulting trees. Special care 
must also be taken to communicate uncertainty (e.g., support values) in an understandable way. It 
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necessarily readily navigated by non-expert audiences, and more accessible interfaces can greatly 
increase the impact (e.g., OneZoom: Rosindell and Harmon, 2012; and the Open Tree of Life).  
In addition to an easily accessible means for interacting with the tree or set of trees, any 
associated metadata need to be available. For example, sequence metadata (e.g., voucher, 
reference), including both data stored in the repositories that the sequences were obtained from, 
and data that cannot be stored in such repositories (e.g., digital images of voucher specimens) 
should be linked and made available where possible. This information contributes to future-
proofing the tree, as for example, taxonomic changes can be applied retrospectively, and rrors 
can be rectified. More generally, users conducting phylogenetic analyses often discover issues 
with particular sequences, such as probable misidentifications, unlikely divergent sequences 
within species, and overly short, long, or gappy sequences. There should be a mechanism 
allowing users to highlight issues with the database in terms of sequences, alignments, or tree 
errors. The Open Tree of Life interface allows for the curation and comment of input trees and 
data sources as well as the synthetic tree (Hinchliff et al., 2015). This functionality could be 
expanded to include more specific information about alignments and sequences.   
If presented in an appropriate way, a synthetic plant tree of life has the potential to make the 
generation of new data more efficient by highlighting clades and regions that should be prioritized 
to increase total phylogenetic sampling. For example, the Open Tree of Life synthetic tree 
browser allows users to explore which primary phylogenetic studies any edge is derived from. 
While currently only implemented in a supertree framework, this approach could be extended to 
sequence data. We envision a dynamic interface where users can easily identify clades and 
regions that are poorly sampled taxonomically and/or genetically. Such an interface should show 
where species are missing, as well as reflect the amount of data underpinning the inferred 
relationships (Hinchliff et al., 2015). The interface could also allow users to annotate planned 
sequencing efforts, i.e., which taxa and loci they plan to sequence, when, where, and contact 
information for the project. This way, unnecessary duplication of work could be reduced, 
scientific collaboration increased, and logistics associated with fieldwork and permit applications 
facilitated. 
Besides viewing and downloading the entire tree, perhaps the most central need is to provide tools 
to extract custom subtrees from the plant tree of life, based on a list of taxa of relevance to a 
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Phylotastic (Stoltzfus et al., 2013) have already demonstrated the broad interest i  such an 
application. Easy access to custom subtrees would require tools and algorithms to generate partial 
views of user-defined regions of larger trees. Importantly, such tools would need to include a 
service for name reconciliation (e.g., Boyle et al., 2013), allowing for taxonomic differences 
between the user input and the tree. 
Although some generic uses are readily anticipated, perhaps the most important way of serving 
the plant tree of life is through flexible software interfaces. For example, integration with the R 
(https://www.r-project.org/) or Biopython (http://biopython.org/) software environments would 
allow the plant tree of life to be used in a wide range of biostatistics and bioinformatics 
applications. More generally, the development of application programming interfaces (APIs) is 
essential for ensuring a wide use of the tree, which could range from websites and educational 
apps to stand-alone software. APIs allow external users to formally query and download data, 
opening the door to an almost unlimited number of uses.  
<h1>CONCLUSIONS AND CALL TO ACTION 
Providing science and society with an integrated, up-to-date, high quality, open, reproducible and 
sustainable plant tree of life would be a huge service that is coming within reach. Technological 
and methodological advances have paved the way for this synthesis, but putting it in o practice 
requires a concerted effort by the scientific community. Here, we call on the community to 
embrace the following actions, which would materially advance our quest for global phylogenetic 
synthesis in plants: 
1. Unite behind the collective goal of an integrated, up-to-date, high quality, open, 
reproducible and sustainable tree of life for plants (Table 1). 
2. Agree on an open framework for a tree of life pipeline with discrete, interchangeable 
modules, drawing on the wealth of existing tools (Fig. 1).   
3. Encourage computer scientists and software developers to address priority analytical 
problems requiring innovative solutions.  
4. Commit to computing trees at regular intervals (e.g., yearly, monthly), ensuring that an up-
to-date plant tree of life is always available. 
5. Establish a sustainable infrastructure for long-term storage and distribution of the resulting 
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6. Create web tools that allow trees to be easily explored, queried, and downloaded by 
diverse audiences, ranging from experts to school children.  
7. Create application programming interfaces (API) that allow trees to be integrated in 
external software.  
8. Engineer a mechanism for community feedback on data quality, which also feeds back to 
the original public source (e.g., NCBI GenBank). 
9. Provide a mechanism for identifying and prioritizing knowledge gaps through dynamic 
cross-matching trees with public data sets.  
In this call to action, we emphasize the importance of community coordination and institutional 
responsibility. Building and maintaining pipelines that perform optimally at all seps discussed in 
this paper is beyond the skills and resources of most individual research labs. Similarly, within the 
constraints of standard research grants, a firm commitment to regular tree updates, indeterminate 
storage of trees and metadata, and actively maintained interfaces is near impossible. Thus, we 
need to build a collaborative, community-driven platform that allows many individuals, groups, 
and institutions to contribute according to their scientific strengths and resources. The recently 
founded PhyloSynth network (https://phylosynth.github.io/) aims to facilitate the developm nt of 
such a platform, paving the way toward an integrated, up-to-date, high quality, open, reproducible 
and sustainable tree of life for plants.  By embracing this call to action, our community would 
extend its impact beyond the ivory tower of pure comparative plant biology research, broadening 
its societal reach and bringing tree of life research to bear on the global challenges facing 
humanity today. 
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TABLE 1. Major desiderata, challenges, and opportunities for global plant phylogenetic 
synthesis.  
The tree of life 
should be: Challenge Opportunities 
Integrated Synthetic trees are currently 
produced in an uncoordinated 
Implementation of modular 
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way, using diverse methods 
with different limitations and 
sampling. Additionally, trees 
are often generated in isolation 




standards and application 
programming interfaces (APIs) 
would allow multiple research 
groups to contribute to a central 
and flexible tree-building 
platform to serve different tree 
use applications and better 
facilitate cross-community 
coordination. 
Up to date Trees are usually static products 
that are out of date as soon as 
they are published since new 
genetic data are constantly 
produced. They have no 
specified routine for updates. 
Phylogeny reconstruction can 
be scripted with minimal or no 
user interference, allowing 
scripts to be rerun automatically 
at regular intervals.  
High quality Quality controls on data in 
public repositories are weak, 
which reduces confidence in 
synthetic phylogenies that use 
the data.  
New data should be generated 
to rigorous quality standards, 
supported by the major 
repositories. Existing data can 
be cleaned with automated 
algorithms, and problematic 
data should be clearly marked. 
User feedback can improve data 
quality.  
Open Not all methods and pipelines 
are open source, preventing the 
community from fully using 
them, limiting development 
potential.  
Well-established platforms such 
as GitHub, Dryad, FigShare, 
and others allow sharing and 
customization of code, data, and 
pipelines. 
Reproducible Phylogeny reconstruction often 
involves manual editing, and 
not all steps are fully 
Phylogeny reconstruction can 
be scripted to run without any 
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documented. Thus, analyses 
cannot readily be verified or re-
run with updated input data.  
intermediate data (e.g., 
alignments) can be archived and 
provided together with trees.  
Sustainable Tree of Life research is often 
hampered by short project 
lifetimes and funding cycles. 
No individual or organisation 
has responsibility for 
maintaining a dynamic tree of 
life. 
Institutions and data 
repositories could collaborate, 
pooling complementary 
resources to create a sustainable 
service to the scientific 
community.  
 
BOX 1. An outline of general uses of global phylogenetic trees. The following use cases 
together help define and guide short and long-term goals for a phylogenetic cyberinfrastructure.  
(1) Applied user. A plant breeder may ask, does a given species have the potential to be selected 
for certain traits (e.g., drought tolerance)? To answer this question, they will want to input a taxon 
name and see a list of close relatives, ideally annotated with the trait of interest.  
(2) Educator: A botanic garden educator may want to make a panel showing the phylogenetic 
relationships among some species growing in the garden. They will want to input a short list of 
species (usually less than a 100) or identify a clade of interest (e.g., Rosaceae) and download a 
phylogeny of those species in a format that can be easily turned into a visually appealing figure. 
(3) Conservationist: A conservation biologist may want to compare the phylogenetic diversity of 
a set of areas (e.g., forest fragments) to prioritize conservation efforts. They will want to calculate 
phylogenetic diversity using statistical packages such as PICANTE (Kembel et al., 2010) or 
Biodiverse (Laffan et al., 2010), ideally without having to choose and handle a phylogenetic tree.  
(4) Comparative biologist: A comparative biologist may want to est the relationship between 
climate and leaf traits across a set of species. They will want to run a phylogenetic regression 
model that uses the most up-to-date phylogenetic relationships, ideally without having to choose 
and handle a phylogenetic tree (although they may have an opinion on phylogenetic methods and 
appreciate getting to choose among several alternative trees).  
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combination of methods, and potentially even modify/customize some of them. They would fork 
the phylogenetic pipeline, modify it, and potentially run it on their own computational 
infrastructure.  
(6) Senior biodiversity scientist: A principal investigator writing a grant application may wonder 
where phylogenetic knowledge gaps are, where most sequencing effort is currently focused, and 
where additional effort would yield the highest returns. They would want to see a tree annotated 
with data gaps (Fig. 2), and ideally also with planned and ongoing sequencing projects run by 
other groups. 
 
FIGURE 1. Schematic representation of a pipeline for building and disseminating an integrated, 
up-to-date, high quality, open, reproducible, and sustainable tree of life for plants. Colors refer to 
the sections in the text: blue, gathering the data; yellow, phylogenetic reconstruction; purple, 
storing the data; green, disseminating the tree of life.  
FIGURE 2. A phylogeny of seed plants, Smith and Brown (2018, this issue), where the color of 
each branch corresponds to the proportion of species from that clade that are represented in public 
sequence databases. Red branches are missing all or nearly all species, blue branches have a high 
proportion of species sampled, and yellow and green branches have from one to three thirds of 
species sampled. Labeled internal nodes show estimates of the number of species lacking 
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